Adipose tissue is a known reservoir of multipotent mesenchymal stem cells, which can be manipulated in culture to produce cells with different phenotypes. The goal of this study was to determine whether the addition of these multipotential cells to organotypic, human skin equivalent cultures would accelerate wound healing after laser injury. For our initial studies, we were able to obtain 3-dimensional raft cultures from adult skin explanted directly onto the dermal equivalent containing human fibroblasts with or without adipose-derived stromal cells (ADSCs). Two days after laser injury, the raft cultures of skin explants that contained ADSCs had a completely healed multilayered epidermis, whereas the control raft culture without the adipose-derived cells still had areas of injury. With this encouraging outcome, these experiments were then repeated in a raft culture system initiated from dissociated primary adult human keratinocytes on the humanized dermal equivalent. Again, the cultures containing ADSCs healed faster than the control cultures. In conclusion, these data provide support to our hypothesis that ADSCs are an excellent and readily available source of factors necessary for accelerated wound healing and tissue regeneration.
W ound healing is a complex process, and its delay can cause a number of problems, including infection with increased area of injury, scarring with visible deformity, pain, and loss of function. Wound healing involves keratinocyte migration as an initial feature of the healing process. Healing involves cross talk between the keratinocytes and dermal fibroblasts and subcutaneous adipose tissue cells through growth factors and cytokines, as well as interactions among syndecans, laminins, and integrins. Some of the factors that promote keratinocyte migration, proliferation, stratification, and differentiation include fibroblast growth factor, 1-7 transforming growth factor-␤ (TGF-␤), 8, 9 and heparin-binding-epidermal growth factor (HB-EGF). 10 Adipose tissue is a known reservoir of mesenchymal stem cells (MSCs), which can be manipulated in culture to produce cells such as osteocytes, 11, 12 endothelial progenitor cells, 13 adipocytes, 12, 14 and chondrocytes. 12 Lu et al showed that adiposederived stem cells significantly increased the flap viability of ran-dom pattern skin flaps. 15 In the study by Stoff et al, human-derived mesenchymal cells were added to incisional wounds in rabbits, and at 14, 21, and 80 days, the wounds had a greater tensile strength than the controls. 16 Previously, wound healing has been studied in conventional organotypic skin cultures on a dermal equivalent (DE) with fibroblasts only. [17] [18] [19] And more recently, fibroblasts derived from human embryonic stem cells showed improved wound healing in 3-dimensional (3D) human skin equivalents. 20 The essence of the 3D system is to culture human keratinocytes or selected human epithelial cell lines at the air-medium interface on top of a DE (type 1 collagen and murine 3T3J2 or human fibroblasts). In 9 days or longer, keratinocytes stratify and differentiate into a squamous epithelium. 21, 22 When primary human keratinocytes are used, the squamous epithelium has been faithfully recapitulated. Differentiation proceeds in normal orderly manner, and the proliferating and differentiation markers are appropriately expressed in the basal and suprabasal cells, respectively. Importantly, only the basal cells proliferate, as revealed by the incorporation of tritiated thymidine or BrdU, a thymidine analog. 23, 24 Thus, organotypic cultures are an excellent model system for the study of skin injury.
In our studies, we were able to incorporate ADSCs into a humanized collagen bed containing adult human fibroblasts (rather than 3T3J2 cells). During the preparation of this article, Lu et al 25 reported developing organotypic cultures on an ADSC containing DE. However, there were no wound-healing studies carried out in that study. To date, there have been no publications demonstrating improved wound healing with the addition of ADSCs in organotypic cultures. We will demonstrate that we have successfully incorporated ADSCs into our humanized DE and have accelerated wound healing with the addition of the ADSCs.
METHODS
Abdominal adipose tissues that were routinely discarded at the time of panniculectomy or abdominoplasty were harvested using tumescent liposuction with the Toomey syringes, a sterile-enclosed negative pressure system. The adipose tissue was processed using the protocols of Wang et al, Zuk et al, Lu et al, and Traktuev et al for preparation of ADSCs. [11] [12] [13] 26 In brief, the liposuctioned fat was digested with an equal volume of collagenase type 1 (Worthington, Lakewood, NJ) (1.5 mg/mL in phosphate-buffered saline), washed with Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) (Hyclone Laboratories Inc., Logan, UT), and centrifuged following standard protocol to obtain a cell pellet of stromal vascular fraction. The recovered cells were cultured in DMEM supplemented with 10% FBS at 37°C in CO 2 . The cultures were split when the cells were about 80% confluent. During culturing, most nonadherent cells (such as endothelial cells, leukocytes, and RBCs) were lost. 26 The early passage ADSCs were then incorporated into a collagen bed along with adult human fibroblasts.
Primary human keratinocytes and fibroblasts were isolated from discarded adult skin following standard procedures. Briefly, the skin was minced and digested with 0.25% trypsin for 1 hour at 37°C using a stirring bar during the digestion. The neutralization was carried out with DMEM containing 10% FBS. The cells were spun down in a microcentrifuge at 1000 rpm for 5 minutes. Keratinocytes and fibroblasts were then selectively recovered by culturing in keratinocyte serum free medium (Invitrogen/Gibco, Grand Island, NY) or DMEM with 10% FBS, respectively.
The standard protocol for the organotypic raft cultures 27 was modified by incorporating (60,000 -90,000) ADSCs in the DE. Primary keratinocytes were seeded on the DE and grown for 36 hours as submerged cultures, as described previously. 21, 22 Subsequently, the assembly was then raised to the air-medium interface and cultured for 8 days. For skin explants, small skin chips were placed on the DE and cultured at the air-medium interface from the onset. On day 9, the Affirm CO 2 laser (Cynosure, MA) was used to create 3 parallel burns in the elevated raft cultures. The laser-treated and control raft cultures without laser injury were cultured for another 24 to 72 hours. The organotypic cultures were harvested at different times after laser wounding to follow the time course of wound healing. The raft cultures were formalin fixed and paraffin embedded and cut into 4-m sections. Hematoxylin and eosin staining of the sections revealed the histology and the speed of horizontal and vertical wound repair. The laser-created gap was measured on digital images to determine the rate of lateral migration of the basal keratinocytes. The quality of wound healing was assessed molecularly by indirect immunofluorescent detection of keratin 10 and involucrin, suprabasal differentiation markers (data not shown). 28 Clinical materials used in this study were approved by the Institutional Review Board of the University of Alabama (Birmingham, AL).
RESULTS
On the basis of reports showing beneficial results using stem cell-derived fibroblasts for wound healing, we initiated a study to determine whether we could use the organotypic culture system to investigate the effects of ADSCs on skin wound healing. We incorporated ADSCs in the DE, consisting of rat tail collagen and human fibroblasts. ADSCs were recovered from discarded tissue from liposuction. Early passages were incorporated into the collagen along with primary adult human fibroblasts that were harvested from discarded human skin intraoperatively. Adult human skin chips were explanted onto the DE in the presence or absence of ADSCs. The assembly was then cultured at the air-medium interface for 8 days. Keratinocytes migrated from the skin explants, grew across the DE, and stratified into a squamous epithelium. Our preliminary studies revealed that the presence of ADSCs in the DE produced a healthier and thicker squamous epithelium relative to raft cultures on a DE containing the human fibroblasts alone (Fig. 1) .
Laser injuries down to the dermis were then inflicted on the skin explant raft cultures on day 9. We observed accelerated healing repeatedly in the cultures containing the ADSCs compared with cultures without ADSCs (Fig. 2) . However, the limitation in using skin explants is the variability with which the migrating keratinocytes established a new epithelium, possibly associated with the sizes of the explants and elapsed time between the operation and the experimentation. It would be difficult to use this system to optimize the wound-healing process. Therefore, we repeated these experiments using primary human keratinocytes recovered from adult skin. Two days after laser injury, the raft cultures containing ADSCs in the collagen bed were healing (Fig. 3) . Keratinocytes migrated over the wound bed, and the size of the defect decreased. In contrast, the control raft cultures containing only human fibroblasts in the DE had no keratinocytes on the wound surface, and the defect size was not decreased (Fig. 3) . Measurements of wound closure were defined by the limits of reepithelialization and were made using a metric ruler on the 2-dimensional digital images taken with the Olympus AX70 microscope using Axiovision image capture software and processed with Adobe Photoshop CS2. The results are shown in Table 1 . The P value was 0.01212 with the Mann-Whitney-Wilcoxon rank sum test. These results demonstrated that, in agreement with the skin explant raft cultures, wound healing was accelerated when ADSCs were included in the collagen bed.
DISCUSSION
Wound healing after laser injury was accelerated in our 3D skin cultures containing adipose-derived stromal cells (ADSCs) in the collagen bed. The addition of ADSCs to the raft cultures could result in differentiation of the ADSCs into other cell types, some of which might provide functionality in the raft culture system. 29 But, it is also known that ADSCs, similar to fibroblasts, express various growth factors. 25, 29, 30 Lu et al showed that the levels of hepatocyte growth factor and keratinocyte growth factor were higher in conditioned media containing fibroblasts and ADSCs. 25 Ebrahimian et al reported that cultured ADSCs in keratinocyte medium produced high levels of keratinocyte growth factor. 29 In addition, Chen et al reported that bone marrow-derived MSCs secreted different amount and types of cytokines and chemokines compared with dermal fibroblasts and that bone marrow-derived MSC-conditioned mediaenhanced migration and proliferation of keratinocytes compared with fibroblast-conditioned medium. 31 And, as shown by Gnecchi et al, paracrine factors are thought to provide signaling that promotes healing in wounded cardiac muscle. 32 In summary, in our 3D cultures, wound healing is influenced positively by the presence of ADSCs, and the factors they produce will also likely play a role.
CONCLUSIONS
In these studies, we demonstrated that ADSCs added to the collagen bed in humanized skin raft cultures accelerated wound healing after laser injury compared with a DE that contained only the human fibroblasts. Our future goal is to characterize the effective ADSCs and to optimize culture conditions that accelerate reepithelialization of skin wounds and result in regeneration of a more normal and functional skin and subcutaneous tissue unit in the area of injury. Our long-term goal is to develop new strategies for clinical use in tissue engineering and wound healing. Importantly, this cell-based therapy uses a readily available source (ADSCs from liposuction) from the patient to promote and accelerate the woundhealing process without any risk of rejection. Future clinical applications of ADSCs will significantly advance the current treatments of skin and subcutaneous tissue injury. 
